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In order to push forward the development of CFRP cable-stayed bridge and accumulate
experiences, the study on the application of the first cable-stayed bridge with CFRP cables
in China was carried out. The design essentials of main components of the bridge were
introduced and its integral performances, including static properties, dynamic properties
and seismic response were analyzed using finite element method. A new bond-type
anchorage was developed and the processes of fabricating and installing CFRP cables were
elaborated. Based on the results of construction simulation, a tension scheme for bridge
was propound. During constructing, the stresses and displacement of girder and pylon, as
well as the forces and stresses of cables, were tested. The results indicate that all sections
of the bridge could meet the requirements of the ultimate bearing capacity and normal
service; the performance of the anchorage is good and the stresses in each cable system are
similar; the tested values accord well with the calculated values. Further, creep deforma-
tion of the resin in anchorages under service load is not obvious. All these results
demonstrate that the first application of CFRP cables in the cable-stayed bridge in China is
successful.
© 2015 Periodical Offices of Chang'an University. Production and hosting by Elsevier B.V. on
behalf of Owner. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Being as the external prestressing tendon, steel stay cables are
prone to corrosion and fatigue. Further, due to the relatively
higher self-weight of steel cable, it is increasingly difficult to
erect steel stay cables for the current trend of such bridges36336.
. Mei), 939227042@qq.com
al Offices of Chang'an Un
'an University. Production
se (http://creativecommowith super-long spans. To overcome these problems, it is
necessary to find a new type ofmaterial in lieu of steel. Carbon
fiber reinforced polymer (CFRP) has many excellent proper-
ties, such as light weight, high tensile strength, corrosion
resistance, excellent fatigue strength, and thus it is widely
used in the field of civil engineering currently. It is especially(Y. Li), luzhitao@seu.edu.cn (Z. Lu).
iversity.
and hosting by Elsevier B.V. on behalf of Owner. This is an open
ns.org/licenses/by-nc-nd/4.0/).
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CFRP cables are adopted, the problems of corrosion and fa-
tigue of conventional steel cables can be radically solved. Most
significantly, the self-weight of cables will be reduced, so the
span ability of the bridge can be improved and the dimensions
of substructure can be decreased. As early as 1987, senior
experts put forwarded theoretic feasibility for constructing an
8400-meter-long CFRP bridge at the narrowest location of the
Strait of Gibraltar (Li, 1990). Since then, the researches on CFRP
cable-stayed bridges were carried out in many countries.
Some researchers analyzed the static and dynamic
characteristics of a long-span cable-stayed bridge with CFRP
cables (Mei, 2007; Mei and Lu, 2004, 2006; Mei et al., 2007a,
2007b; Wang and Wu, 2010; Xie et al., 2014; Xiong et al.,
2012), and others analyzed the nonlinear vibration and
seismic response of cable-stayed bridge with CFRP cables
(Fang et al., 2012; Zhang and Xie, 2009; Zhang and Ying,
2007; Zhou et al., 2011). Since then, three footbridges with
full CFRP cables and two highway-bridges with partial CFRP
cables were built in Switzerland, Denmark, Japan, United
States, China, respectively (Mei, 2005; Scalea et al., 2000;
Swiatecki, 1998; Winkler and Klein, 1998).
However, CFRP tendons are anisotropic andmore sensitive
to transverse pressure and notch effects compared to steel
tendons. Thus, traditional anchors used for steel tendons,
such as steel wedges, are not appropriate to use CFRP tendons,
and traditional methods of fabricating and installing are not
appropriate for CFRP cables. Therefore, it is necessary to
develop an anchorage system that does not damage the CFRP
tendons and explore new methods for fabricating and
installing CFRP cables. Various anchorage systems for CFRP
tendons have been developed and investigated over the last
two decades (ACI, 2004; Jung et al., 2013; Schmidt et al., 2012).
Based on the anchorage principle used, they can be classified
into two types: bond-type anchorages and mechanical
anchorage. The performance of bond-type systems depends
mainly on the surface characteristics and bonded length of
the tendon, the properties of bonding matrix, and the geom-
etry of steel sleeve (Benmokrane et al., 1997, 2000; Fang et al.,
2013; Mei et al., 2005; Noisternig, 2000; Schmidt et al., 2010;
Zhang and Benmokrane, 2002; Zhang et al., 2001, 2006).
Although various pull-out tests of FRP tendon anchorages
with cementitious material have been conducted to simulate
ground anchorages in rock, there are relatively few studies
reporting about CFRP tendon anchorages with a resin forFig. 1 e First cable-stayed bridge in China. (a) Ocable-stayed bridge. The information for practical application
of CFRP cables is much less. The intention of this paper is to
introduce the design and construction of the first CFRP cable-
stayed bridge in China.2. Overview of the first CFRP cable-stayed
bridge in China
The first CFRP cable-stayed bridge in China is located in the
main campus of Jiangsu University. It is a pedestrian bridge
with one pylon, double cable planes and a length of 48.4 m
(main span is 30 m and side span is 18.4 m). The piers, pylon
and girder of the bridge are consolidated together. The stay-
cables are made of CFRP tendons, while the girder and the
pylon consist of reinforced concrete structures. The concrete
grade is C40, and the compressive and tensile strengths of
concrete are 26.8, 2.4 MPa, respectively. The width of the
bridge is 6.8 m, including 5-meter-wide footway. Four pairs of
CFRP cables are set on each span. Abutments are supported on
the enlargement base, while piers are supported on the
foundation of digging piles, as shown in Fig. 1.3. Design and research
3.1. Design of structural components
Comparing to aramid fiber reinforced polymer (AFRP) and
glass fiber reinforced polymer (GFRP), CFRP has preferable
performances, so CFRP tendons were adopted in bridge. Only
the commercially available leadline rods were used in this
project. These rods are composed of pitch-based carbon fibers
and epoxy resin. The contents of fiber and resin are 65% and
35% by volume, respectively. The rods have an indented sur-
face to provide interlock and stress transfer, and a nominal
diameter of 7.9 mm. The physical and mechanical properties
are summarized in Table 1, where values in parentheses are
characteristic (minimum guaranteed) quantities provided by
the manufacturer.
Depended on cables forces of this bridge, three types of
stayed cables were used. For the cable consisting of 6 leadline
rods, it was designated “6D8”, and for the cables consisting of
11 rods and 16 rods, they were designated “11D8” and “16D8”,
respectively. The arrangement of different types of cables wasverall layout. (b) Appearance of the bridge.
Fig. 2 e Profile of girder.
Table 1 e Summary of physical and mechanical properties of 7.9 mm diameter leadline rod.
Data source Nominal
diameter
(mm)
Cross
section
(mm2)
Specific
gravity
Tensile
strength
(MPa)
Young's
modulus
(GPa)
Ultimate
strain (%)
Thermal
expansion
(106/C)
Relaxation
rate (%)
Manufacturer 7.9 46.1 1.6 2600 (2250) 147 1.60 (1.44) 0.68 2e3
Test e e e 2653e2668 159.2e178.6 1.45e1.55 e e
j o u r n a l o f t r a ffi c and t r an s p o r t a t i o n e n g i n e e r i n g ( e n g l i s h e d i t i o n ) 2 0 1 5 ; 2 ( 4 ) : 2 4 2e2 4 8244shown in Fig. 1. The bond-type anchorages filled with epoxy
resin or expansive cement were used for CFRP cables, which
were covered by PE sheaths. Because CFRP has excellent
corrosion resistance, no injecting material is needed to fill PE
sheaths.
The girder was made of double-beam, with a height of
1.0 m and a width of 1.4 m. The crossbeams were arranged at
the crossing of each pair of stayed cables and girder. The steel
sheaths of CFRP cables were set at the centre of edge ribs, and
the cables were anchored at exposed tooth-plates which were
designed on the bottom of girder, as shown in Fig. 2.
Being convenient to construct, a vertical double-column
pylon was adopted. Each column of pylon has a longitudinal
width of 1.2e1.4m, a transverse width of 0.7 m and a height of
13.3 m above the deck. Because the column is solid, cables are
anchored at the tooth plates, which are designed on the
transverse wall of the pylon. For aesthetic reason, covering
steel plates were installed on the surface of pylon after cables
were tensioned.Fig. 3 e First order vibration mode of bridge.3.2. Integral mechanical performance
The finite element methods were used to analyze the integral
mechanical performance of the bridge, including the static
analysis of reasonable finished state, construction state, and
operation state, as well as the analysis of dynamic properties
and seismic response of structure.
In order to get a reasonable finished state under dead loads,
whose distribution and cable tensions were adjusted.
Restricted by the position of the underpass, the ratio of side-
span to main-span was 0.61. In order to eliminate the unbal-
anced force between mid-span and side-span, and the nega-
tive reaction of side supports, 5.5-meter-long entity segmentwas set at the end part of side-span. Tension forces of eight
cable pairs of this bridge were finally 1100, 587, 349, 353, 349,
548, 680 and 725 kN, respectively. Therefore, three types of
CFRP cables were adopted, namely “6D8”, “11D8” and “16D8”.
ANSYS was used to analyze the dynamic characteristics of
bridge and two types of models were established. One was the
triple-girdermodel and the other was a complexmodel whose
girderwasmodeled by shell and beamelements. However, the
cables were modeled by link type element. Fig. 3 shows the
first order vibration mode of bridge. Table 2 lists the top ten
vibration modes and their corresponding frequencies.
The results of the analysis show that several early space
vibration modes are simple; the difference value of adjacent
natural vibration frequency is large. Because the pylon and
the girder are interconnected, the torsion coupling between
two spans is greatly weakened and there is a single span
torsional vibration.
Table 2 shows that frequency calculation values from
simplified model accord well with those from complex
Table 2 e Dynamic characteristics of cable-stayed bridge with CFRP cables.
No. Frequency (Hz) Characteristics of mode shape
Complex model Triple-girder model
1 2.490 2.502 The first order of symmetrical vertical bending in girder
2 2.923 2.899 The lateral bending in pylon
3 4.282 5.503 The first order of torsion in girder of the main span
4 4.420 4.255 The first order of symmetrical vertical bending in girder and the
longitudinal bending in pylon
5 6.197 6.212 The first order of vertical bending in girder of the side-span
6 7.495 6.631 The first order of anti-symmetrical vertical bending in girder of the main
span
7 7.792 7.682 The first order of torsion in girder and reversed vertical bending of pylon
columns
8 8.437 8.095 The first order of anti-symmetrical vertical bending in girder of the main
span
9 8.712 7.963 The lateral bending in girder, the lateral bending in pylon and the torsion in
girder
10 10.575 11.244 The second order of torsion in girder of the main span
Table 3 e Seismic responses of main parts of the structure.
Case Section Mx (kN$m) My (kN$m) Mz (kN$m) Fx (kN) Fz (kN)
1 Root part of single pylon column 48.2 663.5 1.2 72.7 212.0
Mid-span of girder of main span 0.0 451.4 0.0 125.3 32.6
Junction of pylon and girder 0.0 550.0 0.0 203.9 70.3
2 Root part of single pylon column 7.4 116.8 192.6 138.9 36.4
Mid-span of girder of main span 7.4 103.4 974.9 47.5 17.5
Junction of pylon and girder 0.3 95.4 1117.7 14.8 6.2
j o u rn a l o f t r a ffi c a nd t r an s p o r t a t i o n e n g i n e e r i n g ( e n g l i s h e d i t i o n ) 2 0 1 5 ; 2 ( 4 ) : 2 4 2e2 4 8 245model, except torsional frequency value. Because torsional
frequency is closely related to wind resistance of the
structure, the complex model should be used to calculate
the wind resistance in future analysis.
Response spectrum method was used to analyze the
seismic response of bridge. Soil type of the site is classified as
type Ⅲ, with seismic intensity of 7 and designing acceleration
of 0.15g. According to the seismic design code for highway
engineering, structure importance coefficient, horizontal
seismic coefficient, and comprehensive influence coefficient
were taken as 1.00, 0.15 and 0.35, respectively. Two combi-
nations of seismic response were taken. Case 1: seismic input
along x direction þ 0.5 vertical component; Case 2: seismic
input along y direction þ 0.5 vertical component. The first 20
order vibration modes of the bridge were considered and
square root of the sum of squares (SRSS) method was applied.Fig. 4 e Configuration of comThe seismic responses of themain parts of structure are listed
in Table 3.
Calculation shows that seismic response values are less
than the static structure control values. Under the most un-
favorable load combinations, all cross sections can satisfy the
requirements of the ultimate bearing capacity and normal
service.4. Fabrication, installation, tension and tests
of CFRP cables
4.1. Fabrication of CFRP cables
Because bond-type anchorages prevent damage of the ten-
dons and thus possess better fatigue performance, they areposite type anchorage.
Fig. 5 e Fabricated CFRP cables.
Fig. 6 e Layout of the sections being tested.
Fig. 7 e Comparison between tested values and calculated
ones of stresses of girder.
Fig. 8 e Comparison between tested values and calculated one
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higher fatigue strength. Bond-type anchorages consist of a
steel sleeve, nut, cover, filler material and CFRP tendons. The
sleeves of existing anchorages are generally straight pipe
type or internal cone pipe type. Straight pipe type anchorages
need a long bond length due to less average bond strength,
while internal cone pipe type anchorages are prone to stress
concentration at loaded end, and thus the CFRP tendons may
be cut. For the disadvantages of these two types of anchor-
ages, a composite type of anchorage with both straight pipe
and cone pipe was developed in this application, as shown in
Fig. 4.
It is important to select an appropriate filler material for
bond-type anchorages. The filler material for bond-type an-
choragesmay be either a resin or cementitiousmatrix, which
should have adequate bond strength or adhesion properties
to ensure transfer of the stress from the tendon to the
structural member. For the first cable-stayed bridge with
CFRP cables in China, half of anchorages were filled with
epoxy resin and the other half were filled with slight
expansion cement.
Some members of the research group fabricated the CFRP
cables of bridge in the field. Through exploring and accumu-
lating experience, workable fabrication processes were ob-
tained, which are cutting tendons, assembling and
straightening, setting PE sheath, installing anchorage, inject-
ing adhesive and curing. Each fabrication process is very
important, and it will affect the service performance of CFRP
cables. Fig. 5 shows the fabricated cables for bridge.
The key points of fabrication technology are as follows. The
length of CFRP tendons should be calculated accurately before
being incised. A number of positioning plates were set at the
tendons between the anchorages to ensure the parallelism of
each tendon. Tendons at ends should be cleaned by alcohol
before installing the anchorage in order to improve the
interface bonding strength. In the process of filling, vibrations
were intensified by hammer, and the funnels were left at the
injecting entrance for a period of time after grouting to ensure
the compaction of colloid or cement.
4.2. Installation of CFRP cables
The axial tensile strengths of CFRP tendons are high, while
their shear strengths are much lower than those of steel
tendons. Thus, traditional method of installing steel cables iss of displacements of girder. (a) Side span. (b) Main span.
Fig. 9 e Comparison between tested values and calculated
ones of stresses of pylon.
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near the anchorages are buckled, they are prone to being
damaged, so protective measures are necessary for this
position.
Themain processes of installing CFRP cables include lifting
the tension end of the cable systems vertically with a hand
winch, pulling them obliquely to the entrances of the guide
pipes in the pylon, pulling the tension ends of them out of the
guide pipes using a tension bar, laying down the fixed ends of
them from the entrances of the guide pipes in the girder,
adjusting the lengths of two anchorages outside the en-
trances, and being ready to tension.
4.3. Tension and tests of CFRP cables
All cables of the bridge would be tensioned by one time and
would not be adjusted anymore, which required accurate
simulation of the construction process. The tension sequence
of CFRP cables was from inside to outside. Tensioning the two
pairs of cables near pylonwas Stage 1, and so on, for the rest of
cables. After tension of the cables, the removal of supports
under girder was Stage 5. Loading for 0.5, 1.0, 1.5, 2.0, 2.5 and
3.0 h were Stages 6e10, respectively. During Stages 1e5, the
main components, including girder, pylon and cables, were
entirely tested, as shown in Fig. 6, where GSi represents the
stress of girder; GDi represents the displacement of girder;
PSi represents the stress of pylon; “PDi” represents theFig. 10 e Stress distributions of cables when loaded anddisplacement of pylon. The strain of girder was measured by
strain gauges, and displacements were measured by dial
indicators. The strain of pylon was measured by micrometer
gauges, and displacements were measured by a theodolite.
The tensions of cables were measured by a delicate oil
pressure gauge. Permanent pressure sensors were set up
under the fixed ends of anchorages of three cables, which
were mainly used for long-term monitoring of cable forces.
The strain gauges were pasted on tendons of several cables
to test the stress variation.
Due to page length limitations, only parts of test results are
shown. The comparison between testing values and calcula-
tion ones of girder and pylon are shown in Figs. 7e9. Parts of
the cable stresses are shown in Fig. 10.
It can be seen that most of tested values are consistent
with calculated ones. The stresses in every cable system at
each stage are similar. When the cables are loaded for a
certain time the stresses do not decline significantly, which
shows that creep deformation of resin under service load is
not obvious.5. Conclusions
Based on construction of the first CFRP cable-stayed bridge in
China, the integral mechanical performances of the bridge
were analyzed and bond-type anchorages for CFRP cables
were developed. The programs of tensioning cables were
introduced and test results during tensioning were discussed.
Based on this study, the following specific conclusions can be
made:
(1) Frequency calculation values from simplified model
accord well with those from complex model, except
torsional frequency value.
(2) Complex model should be used to calculate the wind
resistance in future analysis.
(3) All cross sections satisfy the requirements of ultimate
bearing capacity and normal service.
(4) The performances of anchorages are good and the
stresses in each cable system are similar; Creep defor-
mation of resin in the anchorage under service load is
not obvious.sustain loaded. (a) Left Z2-11D8. (b) Right B2-6D8.
j o u r n a l o f t r a ffi c and t r an s p o r t a t i o n e n g i n e e r i n g ( e n g l i s h e d i t i o n ) 2 0 1 5 ; 2 ( 4 ) : 2 4 2e2 4 8248(5) Stay cables of cable-stayed bridges may be tensioned by
one time during construction.
(6) The tested values accord well with the calculated
values.
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